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SUMMARY

Adhesion of spray-applied fire-resistive materials (SFRMSs) to steel structures is critical in enabling a
building to remain functional during a fire for a specific period of time for life safety and fire department
access. Empirical tests such as ASTM E736 have been widely adopted by the industry in an effort to
ensure sufficient bonding between SFRMs and steel structures. ASTM E736 assesses the adhesion of
SFRMs by using tensile strength, a failure parameter that depends on the test geometry and has limited use
for predicting failure in other geometries and conditions. These limitations have produced an urgent need
for a scientifically based adhesion test method. In this paper, we propose a new test method that would
provide more fundamental information that is independent of test geometry and has predictive capability.
This paper utilizes a fracture energy-based failure criterion (G¢) to characterize the adhesion between
SFRMs and steel. The theoretical basis of this test method is validated by experimental compliance
tests. The dependence of G¢ on various test variables such as specimen width, substrate type, SFRM
formulation, and test rate are examined. A comparison between this new test method, and the current
widely used strength-based test method is also presented. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In the event of a fire, unprotected steel structures can be extremely vulnerable because the steel
can soften, causing the structure to collapse. To mitigate this hazard, the steel is often coated
with spray-applied fire-resistive materials (SFRMs) to limit its temperature rise during a fire event
[1-5]. Various types of SFRMs are available in the marketplace; the main classes of materials
include cementitious, fibrous, and composite products. Typically, SFRMs are designed to protect
steel structures via their low thermal conduction properties, energy-absorbing reactions, and/or
high effective heat capacity, etc. [1,5]. All these protective mechanisms require stable adhesion
between the SFRM and steel structures to function properly [6].

The standard adhesion test currently used in building codes is carried out according to the
ASTM E736 [7]. This method involves bonding a metal or plastic disk containing an attached hook
to the surface of the SFRM using a quick-setting adhesive, and attaching a spring-type weighing
scale to the hook. The scale is pulled, and the bond strength is deemed acceptable if the SFRM
is able to withstand a prescribed minimum force. While this test method is well known for its
simplicity and ease of use, various criticisms have been raised. The most prominent limitation is
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that this test method is strength-based, and relies solely on the measurements of ultimate tensile
strength as the adhesion metric. Strength is a test condition-dependent parameter which generally
provides little information on what may happen in other geometries or conditions. Thus, it does
not help in developing an understanding of realistic structural behavior in a fire. More importantly,
inherent flaws in materials are not realistically accounted in this approach. For brittle materials
such as SFRMs, failure is generally initiated by a crack growth from flaws or defects that may
be created in the application of the SFRM. These flaws are not reproducible and lead to large
scatter in experimental data in strength-based tests. Measurements are often complicated by the
need for a proper alignment of the bonded specimen and the applied force. It might be noted
that the ASTM E736 requires the SFRM surface to be cut prior to conducting the test to limit
the area involved in the measurement. This pre-cutting may prevent large debonded areas from
contributing to the bond strength, hence more accurate values could be obtained. The cutting must
be done carefully, however, since it can introduce flaws which would adversely affect the results,
and this may not be easy to detect. Furthermore, there is no isolation of the adhesively bonded disk
(diameter of 51-83 mm) from the pre-cut SFRM (surface areas of 300 mm x 300 mm and at least
100mm x 300 mm for laboratory and field tests, respectively) so the amount of material debonded
can vary from one test to the next. Thus, an alternate method based on sound scientific principles
is highly desirable.

Recent building disasters attributed to a failure in the SFRM applied to structural steel have
raised awareness of the shortcomings in the current standard test method, and have prompted the
building community to seek improvements in the testing of SFRM adhesion [8—10]. The research
reported here responds to this need by developing scientific test methods for measuring adhesion
between SFRM and steel. Both a laboratory test and a field test are needed, and there are obvious
advantageous to filling both requirements with a single method. On the other hand, there are
far greater limits on what can be done in the field environment, and the objectives for the two
cases are different. In the field, the major goal for the test is quality control and verification
of proper installation. With the laboratory test, the goals may include materials development,
design information, basic understanding for what factors influencing adhesion. Consequently, it
was decided in this program to develop both a laboratory test with maximum flexibility and a field
test with a scientific basis. The purpose of this paper is to discuss the laboratory test, whereas the
field test will be presented in a separate publication.

We adopted a fracture mechanics approach using an energy-based failure criterion with assump-
tions of linear elasticity and pre-existing flaws. Both assumptions are reasonable for SFRMs. This
test quantifies critical strain energy release rate or fracture energy, which is a measure of the
energy required to increase a crack by unit length in a specimen of unit width. As a linear elastic
behavior is assumed, the fracture energy can be transformed into to a stress intensity factor if a
stress-based failure criterion is desired. A single-arm cantilever beam (SACB) specimen geometry
was selected as the configuration for these tests. This paper will demonstrate the advantages of this
approach in producing a geometric-independent failure property that can quantitatively characterize
the adhesion between SFRMs and steel. We anticipate that this test method will not only provide
a scientific test protocol for evaluating and predicting the adhesion performance of materials, but
also will help in defining the performance requirements that are needed for fire protection of steel
structures in residential and commercial buildings.

2. MATERIALS AND METHODS*

2.1. Materials

To evaluate the proposed test method, five commercial SFRMs encompassing the range of
chemistries and formulations currently available in the marketplace were utilized. They were

*Certain commercial products or equipments are described in this paper to specify adequately the experimental
procedure. In neither case does such identification imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that it is necessary the best available for the purpose.
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Table 1. Various types of evaluated SFRMs.

Type of SFRM

A low density, gypsum-based SFRM

A compositely reinforced fibrous SFRM

A medium density, portland cement-based SFRM
A high density, portland cement-based SFRM

A low density, gypsum-based SFRM

moaQw>

obtained from three of the primary manufacturers of SFRMs and are arbitrarily identified in this
paper by the letters A through E. The chemistry of SFRMs tested is unknown but their generic
types are readily identified from their physical appearance, and are listed in Table I. The substrates
used were galvanized steel coupons with thicknesses of 0.35 mm and various widths: 6.35, 12.7,
19.05, 25.4, 38.1, and 50.8 mm. In addition, to study the influence of substrate type on the adhesion,
structural steel coupons with thicknesses of 1.15 mm were also used to manufacture SFRM/steel
specimens.

2.2. Specimen preparation and experimental setup

In field installation, the SFRM is typically applied to steel structures by spraying a SFRM slurry
mixture through a spray nozzle onto steel structures. To simulate this field spray-applied action,
we have devised a specimen preparation procedure which is outlined below (as shown in Figure 1)
and fabricated at each respective manufacturer’s location. Steel coupons with various widths were
prepared having lengths of 230 mm. To facilitate attachment to the testing machine, 3.175 mm diam-
eter holes were drilled in the steel substrates at a distance of 5 mm from each end. The substrates
were then bent 90° at a distance of 10 mm from their respective ends (Figure 2). The substrates
were rigorously cleaned using acetone. At the end of the substrate, where the load was to be
applied, a thin layer of release agent was painted over a length of about 25 mm beginning at
the bend and extending away from the hole to create a pre-crack. The joints were manufactured
by constructing an open rectangular wood box consisting of a base panel with four side pieces.
The dimension of the base panel was 635 mm x 300mm x 19mm. Two full length grooves were
cut into the base panel to accommodate both the ends of the bent steel coupons. The grooves were
127 mm from centerline with a width of 6 mm, and a depth of 6.8 mm. The four side pieces had
a height of 381 mm, which is equal to the thickness of the applied SFRM. These four sides were
attached to the base panel using screws installed from the outside. The box was then lined with
a release film to prevent the SFRM from adhering to the wood. The base panel was filled with
substrates placed 15 mm apart with bent ends extending down into the grooves. The box was then
shipped to a SFRM manufacturer where a SFRM was dispensed into the box in accordance with
the manufacturer’s recommendations until the box was completely filled. The whole assembly
was then conditioned according to manufacturers’ specification. Once the SFRM was cured, a
support plate of thickness 5 mm was attached to the exposed SFRM surface using a commercial
thermosetting adhesive. The completed boxes were then shipped back to the Building and Fire
Research Laboratory at the National Institute of Standards and Technology. After allowing time for
the adhesive between the support plate and the SFRM to fully cure, the wooden box was removed
by flipping the assembly such that the support plate was on the bottom. Wooden base panel and
sides were then carefully disassembled by removing screws holding the box together. The finished
test joint is shown in Figure 2.

The end of each steel coupon was attached to a screw-driven testing machine and peeled away
from the SFRM which was held fixed using a nominal cross-head displacement rate of 0.1 mm/s
at 23+2°C. The load and displacement were measured continuously while a digital camera was
used to monitor the propagation of debond or crack. No plastic deformation of the steel arms
was observed in any of the tests. This is expected since, as will be shown later, the SFRM/steel
interfacial and SFRM cohesive strengths are sufficiently weak so that the detaching force was not
large enough to exceed the yield stress of the steel substrates. Three joints were tested for each
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Steel
substrates

Spray-applied SFRM

I EEXRR:

Side pieces

Figure 1. (a) Illustration of a base panel with two full length grooves, (b) steel substrates, (c) the base

panel was filled with substrates placed 15 mm apart with bent ends extending into the grooves, (d) prior

to dispensing a SFRM, four side pieces were attached to the base panel, (e) illustration of a SFRM filled

box, (f) after the SFRM was cured, a support plate was attached to the exposed SFRM, and (g) the box
was removed by flipping the assembly such that the support plate was on the bottom.

condition. Additionally, the morphology of galvanized and structural steels was analyzed using a
Zeiss LSM510 laser scanning confocal microscope in the reflective mode with a laser wavelength
of 543 nm. A series of optical z-scan slices each having a thickness of 100 nm were obtained.
Three-dimensional images were digitally reconstituted from stacks of z-scan slices. Root-mean-
square (RMS) surface roughness was calculated using a surface tilt correlation and an automatic
plane algorithm [11].

2.3. Fracture mechanics analysis

In a typical setup shown in Figure 3, a substrate of thickness, A, and Young’s modulus, Ej, is
supported on a SFRM of thickness, /., and Young’s modulus, E,. The substrate is detached from
the SFRM by loading one end of the substrate at a constant displacement rate while the other end
was held fixed. The crack length, a, which is the distance between the loading end and the crack
tip, is a measure of the adhesion strength of the interface. Assuming that the bonded joint exhibits
bulk linear-elastic behavior, the value of fracture energy, G¢, may be deduced from the Griffith
criterion of an energy balance [12]

Ge=57— ey
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Figure 2. Schematic of single-arm cantilever beam test specimens (not to scale).

where P denotes the load at fracture, b the width of the substrate, and C the compliance (i.e. u/ P,
where u is the loading end displacement).

To determine u, we consider the SACB geometry as a beam on an elastic foundation [13-15]
(see Figure 3(b)). The governing differential equation for u is given by

d4
d—4+4/14u =0 for x>0
& )
T3 =0 for x<0
X
where
k 1/4
= 3
- <4ESIS) )

and Ig is the bending moment of inertia of the substrate, and k is the stiffness of the foundation.
The boundary conditions are that the shear force and the moment at the unloaded end (x =c) are
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Figure 3. (a) Schematic of a single-arm cantilever beam and (b) a beam on an elastic

foundation model (not to scale).

both zero, and those at the loading point (x =—a) are equal to P and zero, respectively. Solving
the two relationships in Equation (2) gives the following for u at x =—a

2P | 2d 5o 1
Ulym—a=——753 | 5 +AaA+2a"B+;C 4)
Esbh3i 3 2
where
. sinh? ¢ +sin? Ac
 sinh? Jc—sin® ic
_ sinh Ac cosh Ac+sin Accos Ac
N sinh? Ac —sinZ Ac
and

sinh Ac cosh Ac —sin Accos Ac
C= &)

sinh? Ac —sin% Ac

The foundation stiffness, k, can be estimated from Hooke’s law
_Eq b
=

k (6)

This expression is substituted in Equation (3), resulting in

3E 1/4
i= — (7
Eshqh}

A combination of Equations (1) and (4) gives the adhesive fracture energy as

_ 6P2(2a’+2Bla+A)
Esb?)*h}

Ge ®
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For a large value of ¢ (i.e. crack propagation away from the unloaded end), hyperbolic terms are
dominant in A and B of Equation (5), leading to A— 1, and B — 1. Thus, Equation (8) can be
simplified to

_ 6P%(a+1)?

Ge= )
Esb?)h}

In this study, E, used for the calculation of G¢ was determined from quasistatic compression tests
on free-standing SFRM blocks of dimension of 40mm x40mm x 40mm. The values of E, for
SFRMs A through E are 2, 0.54, 11, 67, and 2.5 MPa, respectively. The vast range of moduli
of SFRMs are results of different types and concentrations of fillers, binders, etc. in the SFRM
formulations, allowing the exploration of a wide range of experimental regimes, from porous
SFRMs to highly dense SFRM:s.

An alternative approach to deduce G¢ is to use an experimental compliance method (ECM)
proposed by Berry [16], where C of the SACB can be expressed as a power-law compliance
calibration of the form

C=Cpa" (10)

where C¢ and n are experimentally determined constants. Differentiating Equation (10) with respect
to crack length and substituting in Equation (1) gives G¢ as

_ nPu
" 2ba

To determine G¢ of the SFRM, n is first obtained as the slope in a least-squares fit in a log—log
plot of C versus a. The values of P, u, and a at fracture are then inserted into Equation (11).
A difference between the analytical model (Equation (9)) and the ECM approach (Equation (11))
is the determination of dC/da, the compliance rate changes with respect to crack length. Note
that Equation (9) involves a® while Equation (11) involves 1/a, which indicates that P, u, and a
are not independent variables. Thus, these variables must be considered when using the two data
reduction methods as a means to test the G¢ determination.

Ge an

3. RESULTS AND DISCUSSION

3.1. Crack resistance curve

For a wide range of specimen widths and SFRM types, stable crack growth was observed. While
moving the cross-head, the load, P, and displacement, u, were recorded as a function of crack
length, a. A typical plot of P versus u is shown in Figure 4. The curve is linear up to the maximum
load followed by a decrease in P with u, indicating a stable crack growth behavior. The deviation
from linearity and decrease in P indicate that the intensity of stress concentration ultimately reaches
a critical level for crack propagation, which was confirmed by optical observations. After measuring
the crack length, the specimen was immediately unloaded and the displacement returned to zero
to ensure no plastic deformation occurring in the steel substrates. It was then reloaded to induce
further crack extension and unloaded again. This procedure was repeated until catastrophic failure
occurred. Although the steel bends to large deformation under load (Figure 4), when unloaded
the steel returns to its planar, unbent configuration indicating no plastic deformation has occurred.
Indeed, a small hysteresis was observed between different loading curves in Figure 4, confirming
that our elastic treatment was valid.

By coupling these experiments with Equation (9), a crack resistance or R-curve is constructed by
plotting G¢ as a function of a. Figure 5 shows the results of a galvanized steel/SFRM B specimen
with a substrate width of 6.35 mm. The value of G¢ obtained from the initial crack length is the
highest, which is attributed to the crack initiation from a blunt crack tip. The R-curve gradually
decreases with increasing crack length as sharper crack tips develop, and eventually reaches a
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Load, P (N)

0 10 20 30 40 50
Displacement, # (mm)

Figure 4. A typical load—displacement plot. Different curves represent a series of loading curves used to
determine G¢. Typical crack velocity was 0.4 mm/s.

Fracture energy, G, J/m?)
[\*)
1

0.04 0.08 0.12 0.16 0.2
Crack length, a (m)

Figure 5. A typical fracture energy R-curve calculated using the beam on elastic
foundation model. A line is added to aid the reader.

plateau with an approximate value of 1.7J/m?. The flattening R-curve observed here indicates that
G is a constant during incremental crack advance, validating our fracture mechanics analysis for
the specimen. Similar observations were made for all joints with various combinations of SFRM
type and substrate width (not shown here for brevity). The results also show a very low value for
G ¢ which indicates a brittle material where a linear elastic analysis should be valid and one might
expect a flat R curve.

3.2. Comparison of the analytical model and ECM approach

The accuracy of the analytical model was verified by comparison with results from the ECM
approach. If the analytical theory of the elastic foundation model is correct, the two data reduction
methods of calculating G¢ (i.e. Equations (9) and (11)) would necessarily give the same results.
Figure 6 shows the typical log C versus log a curve in the ECM approach. A linear relation of
the log—log plot allows n to be obtained, which is used in Equation (11) to calculate G¢. For
a wide range of substrate widths and SFRMs, a good agreement was always observed between
the analytical result in Equation (9) and the ECM approach. As an illustration, the results for
the galvanized steel/SFRM C joints with a substrate width of 6.35 mm are listed in Table II.

Copyright © 2010 John Wiley & Sons, Ltd. Fire Mater. 2011; 35:245-259
DOI: 10.1002/fam



AN ADHESION TEST METHOD 253

-0.2
0.6 O
&) (o]
o0 1A
= e}
(o]
1.4 4
1.8 T T
-1.2 -1 -0.8 -0.6
log a

Figure 6. Log C versus log a plot. The straight line is the linear regression fit to the data with R%>=0.98.

Table II. Comparison between the values of G¢ calculated from the analyt-
ical beam theory and the experimental compliance method for steel/SFRM
‘C’ joints with substrate width of 6.35 mm.

Data deduction method Fracture energy G¢ (J /m2)
ECM 5.69+0.51
Analytical model 5.754+0.84

ECM O Beam theory

2

Fracture energy (J/mi)

Ty
SRR

AT

7

ey
R

LTI

19.05
Substrate width (mm)

Figure 7. The values of G¢ for SFRM C/steel joints with various substrate widths. Filled and hashed
bars were calculated from the analytical model (Equation (9)) and the ECM approach (Equation (11)),
respectively. The error bars represent a standard deviation from mean values.

Such an agreement between two different approaches indicates that the elastic foundation theory
realistically simulates the SACB specimen geometry. Another point of interest in Figure 7 is that
the scatter in the data as indicated by error bars was relatively small, signifying the reproducibility
of the G¢ values, which is of key importance in determining whether a test method is reliable.

3.3. Effect of substrate width

Figure 7 shows a comparison of the values of G¢ calculated using Equations (9) and (11) for
various substrate widths in joints of SFRM C supported on galvanized steel. It can be seen that the
value of G is statistically independent of the substrate width. Similarly, results for the other four
SFRMs show no effect of specimen width. This geometric independence suggests that fracture
energy is a true material property for these systems. However, values of G¢ for some materials,
which are much tougher than SFRMs, have been shown to vary with substrate width [17]. The more
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Fracture energy (J/mz)

oﬁ.|—‘—|mﬁ_

Figure 8. The fracture energy for various types of SFRM. The width of the substrate was 12.7 mm, and
typical crack velocity was 0.4 mm/s. The error bars represent a standard deviation from mean values.

Figure 9. Optical images of fracture surfaces for SFRM (a) A, (b) B, (c) C, (d) D, and (e) E.
The dimension of each square grid is 10mm x 10 mm.

complex effect of substrate on G ¢ for these materials was ascribed to the influence of test geometry
on the stress field around the crack tip leading to extensive plasticity and energy dissipation [17].
With the SFRMs, however, the behavior is brittle with a relatively weak interface so simple fracture
mechanics should be applicable, and geometric independence can be expected. As a result, this
test method provides an advantage over strength-based testing, and the G¢ values obtained should
be applicable to other geometries and useful for models that predict behavior and service life of
bonded SFRM/steel structures.

3.4. Effect of SFRM types

The adhesion of SFRM systems consisting of a wide range of SFRM formulations were measured.
Figures 8 and 9 show the values of G¢ obtained for galvanized steel joints with a substrate width
of 12.7 mm, and the corresponding optical microscopy images of fracture surfaces. Note that there
are two potential weak links in a SFRM system, namely (a) the bulk SFRM itself, and (b) the
interface between the substrate and SFRM. Failure occurs whenever the weakest link in this system
fails. In this study, cohesive failure in the SFRM layer occurred in SFRMs B and C, indicating that
a good interfacial adhesion was established across the substrate and the SFRMs, and it is the weak
cohesive strength of the SFRMs that governed the ultimate failure of the systems. From Figure 8,
we can see that the SFRM C has a higher intrinsic cohesive strength compared to SFRM B as
indicated by its higher G¢ value of 6.2J/m?. Although the exact chemistry of the SFRMs was
unknown, physical examinations revealed that SFRM B was a composite fireproofing product
consisting of organic materials and inorganic fillers, whereas SFRM C was a cementitious product.
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Figure 10. The dependence of G¢ on the types of substrate. The error bars represent
a standard deviation from mean values.

The possibility of a considerably large amount of inorganic fillers in SFRMs B behaving as defects
in the joint cannot be precluded since failure could be easily initiated and propagated along these
weak interfaces.

In contrast to SFRMs B through D, Figure 9 shows that SFRMs A and E failed via a complex path
involving both cohesive and adhesive failures. Interfacial failure seems to be the dominant failure
path in SFRM E. Despite the fact that both SFRMs are gypsum-based products having similar
loci of failure, the value of G¢ for SFRM E is relatively low compared to that of SFRM A (see
Figure 8). This result clearly demonstrates the vastly different bulk strength of the SFRM within
the same broad category, which is not surprising since there are various types and concentrations
of fillers used in the formulations. In the case of SFRM D, its locus of failure differed from other
SFRMs in that cohesive failure was predominant, but the SFRM retained on the failure surface
was relatively thin, as shown in Figure 9(d). This fracture behavior suggests an interplay between
the bulk cohesive strength and interfacial adhesion.

Figure 8, again, demonstrates the good reproducibility of the data as evidenced by the small error
bars of three replicate experiments for each SFRM. Therefore, the SACB test method provides a
quantitative and reproducible test method for measuring the adhesion of SFRM and steel. Efforts
to use this new test method to examine the durability performance of SFRMs, including resistance
to temperature extremes, moisture and vibration, are ongoing.

3.5. Effect of steel types

The values of G¢ measured with structural steel are shown in Figure 10. As a point of comparison,
data from the galvanized steel have been included on this figure. Note that the surface cleaning
and the specimen width were kept the same for both steel types. With the exception of SFRM B,
the values of G¢ measured on structural steel generally exhibited better adhesion as compared
to galvanized steel. This improved adhesion is particularly pronounced for SFRM E, where the
fracture energy of the structural steel joint is 200 times greater than that of the galvanized steel
joint. Optical examinations of the fracture surfaces revealed that the failure of structural steel
joints occurred cohesively within the SFRMs, but with a higher portion of SFRMs retained on the
surfaces of structural steel than that of galvanized steel. Therefore, a better adhesion is established
across the SFRM and structural steel interface, which may be attributed to enhanced interfacial
contact as a result of increased surface roughness in the structural steel. Indeed, laser scanning
confocal microscopic measurements revealed that the RMS surface roughness of the structural steel
is higher than that of the galvanized steel by a factor of two. Namely, the RMS surface roughness
of galvanized steel for 5x and 150x are 3.208, and 0.239 um, respectively; structural steel are
6.365, and 0.474 um, respectively. The corresponding optical images are shown in Figure 11.
The impact of substrate surface chemistry on adhesion performance, on the other hand, may be
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(®) (d)

Figure 11. Laser scanning confocal microscopy images of galvanized steel substrate at magnifications
(a) 5x and (b) 150x; structural steel substrate at magnifications (c) 5x and (d) 150x.

minimal as indicated by relatively similar values of static contact angles of water for structural
steel and galvanized steel. However, the variation in the amount of G¢ increase for different
SFRMs suggests that in addition to the interfacial interaction between the SFRM and steel, the
bulk cohesive strength of SFRM plays an important role in the observed superior adhesion of
SFRM with structural steel. Indeed, the physical basis of the measured G ¢ is the release of elastic
energy in regions of the SFRM attached to the substrate as well as that from the detached portion
of the SFRM.

3.6. Effect of test rate

The effect of test rate ranging from 0.005 to 0.5 mm/s on the measured values of G¢ was examined
for both galvanized and structural steels, which are shown in Figure 12. The test rates were selected
to keep the duration of the experiment in a reasonable range. At the high rate (0.5 mm/s), a test
takes about 1 min which allows adequate time to take the required pictures while the low rate
(0.005m/s) can be completed in under 1h. In all the cases, the crack propagated in a stable,
continuous manner. The values of G¢ were found to be statistically independent of the test rate
ranging over the three decades investigated here. The lack of rate dependence for the fracture
behavior confirms that the failures were brittle with no or little viscoelastic dissipation. Therefore,
the results, once again, reinforce that the measured G¢ provides a unique failure criterion that is
not a function of rate.

3.7. Comparison with the ASTM standard

The fracture mechanics approach described here measures the fracture energy or fracture toughness
(resistance to failure via crack growth) of the SFRM/steel substrate interface or the SFRM itself
depending on where the failure occurs. ASTM E736, on the other hand, measures strength, o,
which is a combination of toughness and the influence of the most critical flaw, void, defect, or
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Figure 12. The dependence of G¢ on test rate for galvanized steel (closed symbols) and structural steel
(open symbols). The error bars represent a standard deviation from mean values.
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Figure 13. Comparison of results obtained from the SACB and ASTM E736 test methods.
The error bars represent a standard deviation from mean values. Bond strength in pounds
per square foot (psf) is added for reference.

debond introduced during fabrication

o=— (12)

where P is the applied force and A is the bonded area of the metal or plastic disk. As a result, it is
not possible to quantitatively compare the two tests without knowledge about the most critical flaw,
etc. Nonetheless, bond strength values for structural steel measured in accordance with the ASTM
E736 for three SFRMs (obtained from the manufacturers) and the fracture energy values measured
from the new test method can be compared in terms of relative values and rank order, which is
shown in Figure 13. Distinct rank orders are obtained from both the test methods. The fracture
mechanics approach shows that, among all the three SFRMs, SFRM E produced the highest fracture
energy with structural steel. However, according to the ASTM standard test method, the strength
between SFRM A and structural steel is superior to that of the SFRMs B and E. Also, while the
ASTM test method gives both SFRMs B and E an equivalent strength rating, the fracture mechanics
approach indicates that SFRM E outperforms SFRM B with its value of G¢ approximately 250%
greater than that of SFRM B.

To further compare the ASTM standard tests and fracture mechanics approach, note first that
cohesive failures within the SFRM layers were always observed for structural steel substrates.
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Thus, the fracture energy, G ¢, can be correlated to the stress intensity factor, K¢, as [18]
2
K¢

Ge="p

(13)
where E'=E, for plane stress, E'=E, /(1—\%) for plane strain with E, and v, are Young’s
modulus and Poisson’s ratio of the SFRM, respectively. The solution for stress intensity factor in
any plane elasticity problem for an arbitrary crack of size @ will have the form

Ke=Yoyra (14)

where Y is the geometry factor and ¢ is the applied stress. Equations (13) and (14) can then be
combined to give the relationship between ¢ and crack length (flaw size)

1 [E'Gc
- 15
’ Y na (15

Thus, an advantage of fracture energy is that one can predict what strength value would be obtained
for any given flaw, void, defect, or debond, and vise versa. Consider SFRMs A and E, the ASTM
standard test gives SFRM A the highest strength while the fracture mechanics test indicates SFRM E
has the highest G¢ value. Equation (15) shows that maximum flaw size which can be tolerated
without failure under an applied ¢ in the SFRM E is twice the size of that for SFRM A. Thus,
this simple argument clearly shows the deleterious effect of defects on adhesion of SFRM A since
both SFRMs have approximately the same values of E,. Given that the modulus ratio SFRM E
to SFRM B is 4.6 (see Section 2.3), the critical value of a for crack propagation under a given o
in SFRM B is 18 times lower the value for SFRM E. This is a result of the very low fracture
resistance of SFRM B. Consequently, to achieve the same ultimate tensile strength in both SFRMs
B and E, the former must be fabricated with much smaller flaws.

As mentioned earlier, the interpretation of ultimate tensile strength has its limitation, i.e. speci-
mens typically fail at some unknown local critical stress state. The ultimate stress values represent
the average stress state on the whole sample whereas joint rupture is generally a local phenomenon
initiated at pre-existing defects. Unless the nature and magnitude of the stresses are known, quan-
titative prediction of adhesion failure is not possible. A test method with a predictive capability for
adhesion integrity and reliability is highly sought after because it minimizes the need for expensive
and time-consuming testing. Furthermore, the strength-based approach ignores the fact that defects
such as surface roughness, contaminants, cracks, pits, etc., are inevitably present in the real world
structures and these features significantly weaken adhesion. The failure criterion derived from the
fracture mechanics approach corrects for these shortcomings by capturing all the energy losses
occurring around the crack tip with a rigorous theoretical analysis. Instead of solely relying on
applied stresses as in the strength-based approach, fracture mechanics provides a more realistic
method for quantifying adhesion for vast majority of situations where failure occurs by crack
initiation and propagation from a stress concentration point. Currently, there is a serious lack of
guidance for evaluating the performance of SFRMs. This new test method will be a valuable tool
for defining adhesion performance requirements, and evaluating adhesion performance.

4. CONCLUSIONS

A new test method for measuring adhesion between SFRMs and steel structures using a fracture
mechanics approach has been presented. In this test method, an energy-based criterion for fracture
was adopted, which measures the fracture energy, G ¢, required to detach a SFRM from a steel
structure. Two independent approaches were utilized to calculate G, an analytical beam theory
and an experimental compliance calibration method. Good agreement in the values of G¢ from
these two approaches was obtained, validating the theoretical and experimental basis for this
approach. Various combinations of SFRM formulations, steel types, substrate width and test rate,
were examined using this new test method. It was evident that this test method provides a robust
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methodology for quantitatively evaluating the adhesion between SFRMs and steel structures. This
test method should contribute to an improved quantification of adhesion requirements for fire
protection design.
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